Abstract -The challenges and opportunities that face electrochemistry and electroanalytical chemistry arise from societal needs, advances in technology, and from the emergence of important new scientific areas and problems. Our ability to construct very small electrodes, sometimes with nanometer dimensions, and to measure small currents generated at these, have made possible measurements at very short times and in very resistive solvents. These new solvents, such as liquid SO2 or supercritical fluids, have, in turn, led to the investigation of greatly expanded potential regimes. The invention of scanning probe microscopies (e.g., STM, SECM) now allow very high resolution examination of the topography and chemical nature of electrode surfaces. Electrochemical methods should continue to play an important role in new fields, e.g., molecular biology and materials science. For example, interactions of molecules with DNA can be probed by voltammetric measurements and highly sensitive analytical methods based on electrogenerated chemiluminescent labels attached to antibodies have been developed.
INTRODUCTION
New c allenges arise in scientific fields from "pushes and pulls" (ref. 1). The pull comes from the desire to address societal needs ( Fig. 1) and the push from the advances in science and technology (Fig. 2) . As shown in Fig. 1 , electrochemistry and electroanalysis can contribute to many areas of concern to society. For example, in health care, sensors will continue to be an important area: enzyme electrodes are already finding use in the monitoring of glucose levels in blood. Sensors that could be used in vivo over long periods of time and sensitive analytical methods that could be used for antibodies, antigens, and DNA would be especially valuable. We will return to this topic in this lecture. Electrochemistry has always played an important role in the energy area. Solar energy conversion through photoelectrochemistry at semiconductors remains an active area. Large scale utilization of fuel cells and batteries in electric vehicles is on the horizon. Society's environmental concerns can be helped by solar energy sources and systems that are cleaner than those based on the conventional combustion of fossil fuels. Electrochemical and photoelectrochemical methods can also be used to treat wastes and purify water. Finally, there are national concerns about security and economic competitiveness. New areas like nanotechnology, biotechnology, and advanced materials are emerging, and, as discussed below, electrochemistry can contribute here as well. The push arises when new tools and instruments become available for studying electrochemical systems and new areas of science emerge that can be studied by electrochemical methods. For example, the availability of different types of surface spectroscopies (XPS, AES, LEED ...) and scanning probe microscopies, such as scanning tunneling microscopy (STM) and atomic force microscopy (AFM), have provided new insights into surface structure and surface processes. Atomic level images of electrode surfaces in situ are already possible under favorable conditions, as discussed below. New materials, such as electronically conducting polymers and the fullerenes, new solvents, and the ability to carry out investigations under extreme conditions (e.g., in supercritical fluids) will also push to broaden the horizons of electrochemlstry.
EXPANDING THE LIMITS
Electrochemical methods operate within limits of time, space, potential, etc., that are often defined by the available instrumentation and materials (Fig. 3) . We are challenged to expand these limits for electrochemical methods-to study electrode reactions with higher spatial resolution, at shorter times, at more extreme potentials, at higher pressures or at lower temperatures, and explore the new science that can be found in these regimes.
Electrochemical methods operate within certain limits. 
Potential
The electron transfer (et) processes that we can study depend upon the limits of potential that are available with a given solvent-electrolyte-electrode system (Fig. 4) . We mlght recall that It was the implementation of electrochemistry in synthesis, e.g., by Davy and Faraday, that led to the production of substances like sodium and potassium that could not be obtained with available, naturally-occurring, reactants. The introduction of aprotic solvents in electrochemistry similarly allowed new reactions of organic and inorganic compounds to be explored and intermediates like radical ions to be studied. What are the limits of potentials for reduction and oxidation reactions?
The most negative limit for cathodic reactions in solution is probably near that of the electron in vacuum, e-vac (about -4.4 V vs N.H.E.). (Certain solvents, like liquid He, might allow significantly more negative potentials, but are not practical for electrochemical studies.) Solvated electrons already can be electrogenerated in solvents like liquid ammonia and the amines at potentials that differ from e-vac by only the free energy of solvation (ref.
2). Thus we are probably quite close to the practical negative limit.
The positive limit for anodic reactions is governed by the oxidative stability of the electrode material, the ease of oxidation of the electrolyte, and the potential for the production of a solvated hole (h+solv) in the solvent of interest, which is near that of the solvent cation radical. There has been continuous progress in the use of solvents that allow ever more positive potentials to be applied before the solvent limit. The introduction of microelectrodes has allowed the use of solvents that would be too resistive for studies with larger electrodes, because the smaller currents that flow decrease contributions from iR-drop in the potential measurements (ref. 3) . They also permit studies in the presence of low concentrations of supporting electrolyte. For example, liquid S02, with the appropriate supporting electrolyte (such as CsAsFs), can be used out to almost +6 V vs S.C.E. Even aliphatic hydrocarbons and quaternary ammonium ions can be oxidized in this solvent (Fig. 5) (ref. 4) . Further extensions to even more positive potentials appear possible and await new solventlelectrolyte systems. 
Time
About 40 years ago electrochemical methods were among those that could be used to study "fast" reactions (i.e., in the millisecond regime). However, the invention of the laser, and associated fast spectroscopic instrumentation, has moved time measurements in chemistry into the picosecond and femtosecond regions, leaving electrochemical measurements far behind. Nevertheless As an example, let me describe some recent work in our laboratory on the deposition of Pb on highly oriented pyrolytic graphite (HOPG) (ref. 10). HOPG can be cleaved to form a fresh atomically smooth surface. We recently showed that by heating HOPG in air at 650" C pits with dimensions in the 10-100 nm range can be prepared (Fig. 6) (ref. 11) . These pits serve as useful markers for repeated STM scans during a study of a surface process and also allow one to distinguish processes that occur on the HOPG basal plane and edge sites around the pit. The deposition of lead on HOPG during a potential step and its subsequent stripping are shown in Fig. 7 (ref. 10) . Note the formation (or migration) of metallic Pb to the pit edges during the deposition and its stripping during the oxidation step. Interestingly, over many experiments like this, we find that not all of the Pb is stripped from the surface during oxidation, perhaps because some particles lose electrical contact with the surface. Moreover, the locations of the Pb deposits indicate that there is some interaction of them with the scanning tip. An example where atomic resolution of an electrode surface can be seen, an STM scan in air of Au deposited on mica, is shown in Fig. 8 . The structure is clearly that of Au ( 1 1 1 ) (refs. 12, 13) . One can then examine the nature of various substances that are adsorbed on the Au surface, like iodine (Fig. 9a)  (ref. 13) or 4-aminothiophene (Fig. 9b) (ref. 14) . The results show that these molecules adsorb in three-fold sites to produce a (43 x 43)R3O0 structure (inset, Fig. 9b An alternative technique that is being developed in our laboratory is scanning electrochemical microscopy (SECM) (refs. 18,19) . In this technique a small tip electrode, behaving as the working electrode in an electrochemical cell, is scanned above a substrate immersed in an electrolyte solution containing a redox couple (e.g., O/R). The presence of the substrate affects the faradaic current flowing at the tip electrode, when the tip is close (i.e., within a few tip radii) to the substrate surface. Consider the case where the solution contains species 0 and the tip is held at a potential where the reduction of 0 to R occurs. When the substrate is a conductor and the R generated at the tip can be oxidized back to 0, the current at the tip will be larger than that when it is far from the substrate (positive feedback to tip). When the substrate is an insulator, it partially blocks diffusion of 0 to the tip, and the current is decreased (negative feedback to the tip). Thus the magnitude of the current observed as the tip is scanned near the substrate surface is related to surface topography and also the rate of oxidation of species 0 at the surface. Typical SECM images for a scan over an interdigitated array consisting of Pt bands separated by silica spaces are shown in Fig. 10 (ref. 20) . By suitable choice of the couple O/R, the chemical nature of the surface can be probed. Moreover the tip current-distance response can be related quantitatively to theoretical models with high accuracy. SECM can also be used to probe the kinetics of reactions at the substrate surface (and, hence, image differential reactivity on surfaces) and in the solution gap between tip and substrate. Because faradaic currents flow at the tip in SECM, modifications of surfaces via electrodeposition and etching can be carried out with high resolution. An example of a line of Ag electroplated in a polymer (Nafion) film by SECM is shown in Fig. 11 (ref. 21) . Electrochemistry should play a useful role in nanotechnology, i.e., in the construction and characterization of systems with high resolution.
Quantity
The search for methods that can analyze for smaller and smaller quantities of a substance continues and electroanalytical methods should prove useful in this field as well. Such methods are needed, for example, to find very low concentrations or very small amounts of species (e.g., antibodies, antigens, DNA) in biological systems or on surfaces. Since electrochemical methods can readily detect fractions of monolayers of materials (where a monolayer represents about moles cm2), one should be able to determine very small quantities of material localized on the surface of a microelectrode. For example, if a material could be adsorbed or trapped on the surface of an electrode of 10 pm diameter, measurement of quantities in the 4 x mol (2.4 million molecule) range should be possible, but challenging! Detection limits can be extended by amplification methods, e.g., by using enzymes or electrogenerated chemiluminescence (ECL). For example, in an electrochemical enzyme immunoassay method, 4.6 x 1 0-21 moles of IgG can be determined (ref. 22) . The SECM can also be used for the analysis of species on small portions of a surface. For example, a 3-30 pL drop of solution can be placed on a surface and SECM used to analyze for changes in the contents of the drop caused by adsorption/desorption or dissolution reactions (Fig. 12) (ref. 23) . Electrochemical detection methods are also being used with electrodes small enough to sample single cells (ref. 24) . Temperature and pressure By extending the working range for electrochemical studies to very low temperatures it might be possible to probe the behavior of superconductive materials as electrodes. The challenge is to find media that are remain liquid at the low temperatures while still maintaining a reasonable conductivity. For example, electrochemistry in liquid nitrogen seems unlikely. However, other solvents are being explored in the same temperature region (ref. 25). Higher temperatures and pressures are also of interest. The properties of solvents (e.g., dielectric constant and viscosity) are critically dependent upon the temperature and pressure range in the near critical and supercritical region. The dielectric constant of water decreases substantially, and water becomes infinitely miscible with benzene, beyond the critical point (374" C and 221 bar). Moreover diffusion coefficients and rate constants can become very high in this region. Electrochemical studies in supercritical water and other solvents (NH3, MeCN, SO2) have already been reported (ref. 26), but much remains to be done. Similarly, one looks to studies at extremely high pressure at lower temperatures and the discovery of new molten salt systems. The experimental challenges in these areas are high, but enough has been reported already to demonstrate that these regions can be explored electrochemically.
APPLICATIONS TO MOLECULAR BIOLOGICAL PROBLEMS
Molecular biology remains a frontier field in science and electrochemistry and electroanalysis can play a role in its development. I briefly discuss here two recent applications from our laboratory-the use of electrochemical methods to study the interactions of molecules with DNA and immunological analysis based on electrogenerated chemiluminescence.
Metal chelate-DNA interactions
Many small molecules will interact with DNA. These interactions are important because they can affect DNA replication and can also form the basis of reactions that can cleave DNA and so play a role in obtaining the base sequence in DNA and understanding DNA structure. These interactions are usually studied by spectroscopic or dialysis methods. There are several modes of interaction: intercalation between the DNA bases, binding in the minor groove, and electrostatic interactions with the negatively charged DNA backbone. For example a number of metal chelates, e.g., C0(phen)3~+ (where phen is 1 ,lophenanthroline), will intercalate with DNA. Electrochemical studies can be used to measure the strength of binding of the complex and the size of the binding site (i.e., number of base pairs) by studying the voltammetry of the complex in the absence and presence of DNA and noting shifts in standard potential caused by the interaction (ref. 27). One can also measure the change in the diffusion current for metal chelate electrochemistry caused by the large decrease in diffusion coefficient (D) when the complex is bound to DNA. A similar strategy can be employed with the Mnlll complex of meso(N-methyl-4-pyridiniumy1)porphine (Mnlll TMPyP), which binds in the minor groove of DNA and, under proper conditions, promotes DNA strand cleavage (ref. 28). The effect of DNA on the differential pulse voltammetric (DPV) wave of Mnlll TMPyP is shown in Fig. 13 . The large decrease in the height of the wave is caused by the large decrease in D for Mnili TMPyP upon binding to DNA. The binding constant and binding site size can be obtained by titrating the complex with DNA and noting the decrease in the peak current (Fig. 14) . Electrochemical reduction of Mnlll TMPyP in the presence of oxygen caused DNA cleavage, probably via formation of reduced oxygen species from the reaction between 0 2 and the Mnll complex . Electrochemical studies of other types of molecules, especially those that can recognize specific base sequences, e.g., oligonucleotides containing tethered electroactive groups, would be of special interest. Similar strategies could be used to extend this approach to other systems. Nonelectroactive DNA binders can probably be studied by their competitive interactions with electroactive molecules. Studies of the binding and cleavage of other biologically-interesting molecules, such as RNA, peptides, and proteins should also be possible. Clearly electrochemical methods can complement spectroscopic and other approaches to studies of bioconjugation.
ECL immunological analysis
Very sensitive analytical methods can be devised based on electrogenerated chemiluminescence (ECL). ECL is the production of light-emitting species through redox reactions of reactants generated at an electrode surface (ref. CONCLUSIONS Although electrochemistry is often considered to be an old and mature field, it remains an important one because of its central role in many areas that address societal needs. Moreover, the incorporation of the many recent advances in technology and other areas of science has continued to make electrochemistry and electroanalysis active and vital areas of research. This lecture has only touched on some of these new research topics, certainly with an overemphasis on results from our own laboratory. However it is clear that electrochemistry will continue to play an important role in responding to the challenges to science in the 21 st century.
